Abstract. Phosphorus-starved cells of Anabaena flos-aquae rapidly increase their capacity to reduce acetylene to ethylene when they receive phosphorus. This response may be used as a bioassay for detecting available phosphorus in aquatic ecosystems. The sensitivity of the method compares favorably with conventional methods for measuring dissolved orthophosphate, and has the additional advantage that it measures available phosphorus. Studies on Wisconsin lakes show that available phosphorus generally is present, that the concentrations are higher at the lower depths than at the surface, and that there may be diurnal variations in the available phosphorus content of surface waters. Important sources of available phosphorus in Lake Mendota are the waters below the thermocline and the input from storm sewers.
Eutrophication of aquatic ecosystems has become intensified in many areas within recent years and it is considered generally that nitrogen and phosphorus are the most important nutrients that contribute to eutrophication. [1] [2] [3] [4] However, Stewart, Fitzgerald, and Burris5', found, using the acetylene reduction technique7'8 in lakes, that when metabolically active heterocystous blue-green algae were present they were invariably capable of fixing N2. This infers that even if it were possible to eliminate completely the input of combined nitrogen into lakes, blooms of nitrogen-fixing algae would still occur if phosphorus was available. Thus it is important to know the quantities of available phosphorus in, and being added to, lakes, and to date there has been no completely satisfactory method9 10 whereby this may be determined.
This paper reports a modification of the acetylene reduction technique which may allow rapid and sensitive determinations of the available phosphorus in aquatic ecosystems. The bioassay is based on the following rationale: if a culture of a nitrogen-fixing blue-green alga is grown on molecular nitrogen under conditions of phosphorus starvation, the organism should respond to the addition of available phosphorus with increased growth and metabolism. Because the organism fixes N2, the enhancement of metabolism when phosphorus is supplied should be reflected in an increased capacity for the reduction of acetylene to ethylene.
Assay Organism. Anabaena f1os-aquae (Indiana Culture collection, no. 1444) was used. The organism was grown in 1.0 liter batches in 2.5 liter Erlenmeyer flasks at a light intensity of 3000 lx and a temperature of 250C. A combined nitrogell-free modification of Gorham's medium" was used routinely. The suspension was stirred and bubbled with air enriched with 0.5% carbon dioxide. Algae used as assay material were grown first in medium containing K2HPO4 and then they were separated from the medium by gentle centrifugation and resuspended in 1.0 liter aliquots of phosphorus-free medium where they were allowed to grow for 2-4 days. Within 24-48 hr of transfer to phosphorus-free medium the algae yellowed slightly as a result of phosphorus deficiency and then were used as assay material.
Assay technique: Phosphorus-starved algae were concentrated by centrifugation, and a standard inoculum of 6 mg dry weight, or 0.5 mg N, was added to a known volume (25-500 ml depending on the experiment) of the water to be tested and incubated for 30-120 min at a temperature of 250C and a light intensity of 3000 lx. The alga then was concentrated to 3.0 ml by centrifugation and 1.0-ml aliquots were tested for acetylene reduction.
Acetylene Reduction Measurements. These were performed in 7 ml-capacity serum bottles fitted with serum stoppers. A 1.0-ml aliquot of test alga was added to each bottle and 1.4 ml of C2H2 (purified grade obtained from Matheson Co.) was added to the bottle without removing the air. The gas pressure within the bottle then was restored to atmospheric by pricking the serum stopper with a hypodermic needle. This simplified procedure was adopted because experiments showed that it was unnecessary to remove N2 from the gas phase if sufficient C2H2 was added. Acetylene assays were run for 30 min using the method detailed by Stewart, Fitzgerald, and Burris.5
Experimental design: In comparative studies the assay organism was inoculated into similar volumes of the test waters under standard conditions and the relative response in acetylene reduction was noted and compared with the response when the test alga was grown in phosphorus-deficient and surplus phosphorus culture medium. In experiments requiring a quantitative measurement of available phosphorus, the algae were inoculated into the test water with and without added phosphorus, and the responses were compared with those obtained in culture medium containing known quantities of phosphorus, supplied as K2HPO4. From the data obtained it was possible to determine the quantity of phosphorus in the test water. These aspects are considered in the Discussion.
Sampling sites: Water samples collected in 4.0-liter sampling bottles or in biologically inert polypropylene bottles from Lake Mendota, Lake Wingra, and Lake Monona, Wisc. were used. The water was filtered first through a nylon mesh to remove algae and then through a Millipore filter (0.45 gm pore size). Assays were normally begun within 1 hr of collecting the water samples which were stored at 4"C until required.
Results. Experiments using a defined medium: Experiments were conducted to determine the response of blue-green algae to various nutrients. The algae were grown in Gorham's complete nitrogen-free medium and were transferred after washing into a medium in which one of phosphorus, iron, magnesium, or sulfur was omitted. When the algae showed nutrient deficiency they were returned to complete Gorham's nitrogen-free medium. The data in Table 1 show that within 2.0 hr nutrient-depleted algae responded to phosphorus but not to the other elements. A longer incubation may have elicited a response to the other nutrients, but a long incubation period defeats the object of a rapid bioassay technique. Nevertheless, bioassays for other elements based on the acetylene reduction assay may be reasonable, when it is appreciated that existing bioassay methods9 10 require 10-14 days.
The response to phosphorus depends upon the test alga being starved initially as is shown in Table 2 . Natural populations of algae could not be used satisfactorily as assay material either (Table 3) , because sometimes a response was obtained and sometimes it was not. This irregularity probably reflects the Incubation period prior to the 30 min acetylene reduction assay was 2 hr; the volume of test water used was 70 ml, the nutrient concentrations in complete medium were (mg/liter): S, 10; P, 7; Mg, 1; Fe, 0.05. Each value is the mean of triplicate determinations. ability of algae to store phosphorus which can be utilized later in phosphorusstarved waters.
The data in Table 4 show that phosphorus-starved algae respond to as little as 3.0 lg phosphorus/liter, but that high concentrations saturate the system.
Addition of the same amount of phosphorus may induce different enhancements in acetylene reduction in different experiments and this usually reflects different degrees of phosphorus starvation in the test algae used. The type of response shown in Figure 1 is characteristic for phosphorus levels in the range 0-0.25 mg/ liter. The time course of the response (Fig. 2) shows a lag phase of almost 15 min flos-aquae to various levels of available P. The incubation period prior to the 30 min C2H2 reduction assay was 60 min; the volumes of the test solutions used were 100 ml. Each value is the mean of triplicate determinations. followed by a 15-min period of rapid response. After 30 min there was little further increase in the rate of acetylene reduction. The positive value obtained over the control at 0 time presumably resulted from-phosphorus uptake during the period in which the algae were being separated from the phosphorus-containing medium by centrifugation immediately after the incubation period and prior to measurement of acetylene reduction. A 30-min incubation in the test water before the start of the acetylene reduction assay is probably sufficient enough to provide reliable results.
Field trials: The data in Table 5 show that phosphorus-starved Anabaena responded to incubation in the surface waters of Lake Mendota, Lake Wingra, and Lake Monona, indicating that each contained available phosphorus with the highest levels occurring in Lake Mendota. Table 6 shows that available phosphorus is highest in Lake Mendota in the morning and decreases during the day. Thus available phosphorus levels may build up in lakes at night and decrease during the day when vigorous algal metabolism occurs as a result of photosynthesis. Others13"4 have also reported a more rapid uptake of phosphorus in the light than in the dark. More experiments are required to determine whether the variations which we detected are characteristic of the surface waters of Lake Mendota.
Variations in the levels of available phosphorus at various depths of Lake Mendota were examined. Table 7 shows that the assay organism responded markedly when placed in untreated waters from all depths with the greatest response being obtained in waters from 15 m and 18 m; the lake was 18.5 m deep Period of incubation prior to the 30 min C2H2 reduction assay was 75 min; volume of lake water used was 200 ml; value for the control medium -P was 0.02 nmol C2H1/1.0 ml/min. Samples collected on Sept. 12, 1969 . Each value is the mean of triplicate determinations.
at the sampling site studied and the thermocline was located near 10-12 m. When phosphorus was added to these waters, there was a marked improvement in the nutrient quality of the upper waters. In contrast there was less response to added phosphorus in the waters from 18 m and particularly from 15 m. These results suggest that phosphorus was limiting particularly in the surface waters and that at the lower depths, although more available phosphorus was present, there was also present an inhibitory factor of some type.
A practical application of the bioassay is illustrated with data obtained on waters of University Bay Creek, which discharges storm sewer drainage from urban areas of Madison into Lake 1\Iendota. Table 8 shows that the phos- University Bay Creek water was sampled at a point just before it entered the lake. The period of incubation prior to the C2H2 reduction assay was 60 min; volume of lake water used was 200 ml; samples collected on Sept. 10, 1969; value for the control medium -P was 0.03 nmol C2H4/1.0 ml/ min. Each value is the mean of triplicate determinations.
phorus-limited test algae responded markedly when placed in these waters. The response persisted in lake water near the inlet of the creek, but the response decreased as the water was diluted in the main part of the lake. It is apparent that the runoff from urban areas may drastically influence the nutrient balance of Lake Mendota.
Discussion. Two main methods of measuring phosphorus in aquatic ecosystems are currently employed. The most common is to determine chemically the levels of orthophosphate. This method takes no account, however, of other important types of phosphorus which may be present. For example, Galloway and Krauss"5 showed that inorganic polyphosphates could be utilized by Chlorella at comparable rates to orthophosphate, and substances such as glucose-6-P04 may be utilized by marine algae.'6 The other method is to measure the extractable phosphorus present in algae and to correlate this with the amount of alkaline phosphatase activity of the algae. 12 The latter method, though useful, has the disadvantage that the algae rapidly assimilate and store phosphorus when it is available; thus, the phosphorus content of an alga is no real indication of the available phosphorus present in a particular water at a particular time.
The present results, although preliminary, indicate that a bioassay method based on the acetylene reduction technique may be practical and have advantages over previously available methods. The method which we suggest is basically that presented in the Methods section, but the following additional points are relevant.
(1) A. flos-aquae is a good assay organism, but any fast-growing N2-fixing bluegreen alga presumably could be used. The exact culture medium used is also immaterial as long as it is free of combined nitrogen and the bioassay organism is phosphorus starved and metabolically active at the start of the assay.
(2) Small volumes (25 ml) of test water may be used, but larger volumes are more satisfactory. A volume of 70-200 ml of water is recommended with 6.0 mg dry weight of the assay organism. The volume and amount of algae should be constant in any one test series.
(3) The data in Figure 2 suggest that an incubation period of 30 min with constant shaking is adequate. The algal suspension is then concentrated by centrifugation to a volume of 3.0 ml and three 1.0-ml aliquots are then incubated under acetylene for 30 min.
(4) All test samples which are being compared should be set up at the same time. For each test water sample (a) there should also be available a control sample (b) in which the algal response in phosphorus-free medium is noted, and a second control (c) comprising the test water sample plus 0.025 mg/liter of phosphorus. The value for (b) serves to show that the bioassay organism is phosphorus starved while the value for (c) shows its ability to respond in the test water when phosphorus is available. The relative response for each test water thus will be: (c -b)/(a -b). By comparing the values for this ratio, the relative abundance of phosphorus in each test sample can be measured.
The quantitative determination of the amount of available phosphorus in a particular water is more complicated, and it is suggested that the following series should be sAt up for such a measurement: (1) P-free medium, (2) P-free medium + 0.100 mg P/liter, (3) P-free medium + 0.050 mg P/liter, (4) P-free medium + 0.025 mg P/liter, (5) P-free medium + 0.010 mg P/liter, (6) test water sample, (7) test water sample + 0.025 mg P/liter.
Tests (1)- (5) show the response of the alga to available phosphorus in the absence of inhibitory or competitive reactions and can be used to prepare a standard curve which can be used for all tests performed with the same batch of assay organism. The value for test (7) minus test (1) gives the response to 0.025 mg/liter of phosphorus plus the amount of phosphorus in the water sample. The value for test (6) minus test (1) gives the response to available phosphorus in the test water only. Thus the response to 0.025 mg P/liter alone and to the available phosphorus in the test water is obtained. These values are then trans-ferred onto the standard curve to give the quantity of available phosphorus in the test water. Thus, the response of the algae to a series of standards and to two samples of the test water, one with and the other without added phosphorus, is all that is required to determine the level of available phosphorus in a particular water. The same standard curve can be used for all waters tested using the same batch of assay organism. We always have noted a response when phosphorus was added to phosphorus-deficient culture medium. This indicates that a failure to detect acetylene reduction in test water samples with added phosphorus is because of some inhibitory factor in the water. In the presence of total inhibitors the test would not be satisfactory.
The overall sensitivity of the phosphorus bioassay is good. For example, the stannous chloride method recommended by the American Public Health Association (1965)17 detects orthophosphate-phosphorus levels as low as 10 ,g/liter, whereas the acetylene bioassay technique is probably more sensitive and detects available, rather than total, phosphorus. Also, biological nitrogen fixation and phosphorus availability can be studied with similar equipment.
